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I. Introduction
Combustion dynamics present significant challenges to the development of gas turbine engines. Several undersirable engine operational issues such as NOx/CO emissions, flame stability, etc. are closely related with this phenomenon. Combustion dynamics may arise from the coupled interactions between the unsteady heat release, chamber acoustics, turbulence, spray and hydrodynamic instabilities at the compressor and turbine interfaces. The presence of such the multi-variable inputs to the combustor makes the understanding of combustion dynamics extremely complex and difficult.
The Lean Direct Injection (LDI) method is a well-known design concept wherein the liquid fuel is directly injected into the flame zone and is mixed rapidly with the air in the shortest possible distance. Compared with conventional designs, the LDI method provides improved NOx performance and eliminates the issues encountered in the Lean Prevaporized Premixed (LPP) method such as auto-ignition and flash-back. However, as the push to aggressively lower NOx emission continues, LDI combustors are increasingly susceptible to combustion instabilities. In fact, as the equivalence ratio approaches lean operating conditions, the chemical kinetics and the flame surface can become more responsive to the acoustic fluctuations in the combustor. Moreover, there are also no natural damping mechanisms of the acoustic waves generated by the large vortices produced by the orifices.
Longitudinal combustion instabilities are the main concern in LDI combustors. According to Cohen et al.'s experimental study 1 , longitudinal model pressure oscillations are reported to be within 3% of the mean chamber pressure. They have also successfully demonstrated longitudinal mode combustion instabilities with similar pressure oscillation magnitudes in laboratory-scale LDI engines. Yi and Santavicca's experimental study 2 focused on flame spectra in the LDI combustor, which they observed to be very similar to those observed in lean premixed gaseous combustion. They further used correlations from chemiluminescence data to parametrically represent the effects of the instantaneous air consumption rate, heat release rate and equivalence ratio on the combustion instabilities. Their results at atmospheric conditions indicate that the instabilities grow from 4.48% to 9.93% when the equivalence ratio is decreased from 0.34 to 0.32 for a half-wave mode combustor. Palies et al.'s study 3 of premixed confined swirling flames also provides meaningful insight on flame response. Their results indicate that the unsteady heat release occurred in the 0-400 Hz range which corresponds generally to the longitudinal mode frequencies. Through analytical and experimental studies, they further conclude that the flame undergoes axial acoustic and azimuthal velocity fluctuations because of the vorticity wave generation from the swirler.
Combustion instabilities in LDI combustors are fundamentally different from those encountered in dump combustors. When the flow expands through the venturi, axial decay of the tangential velocity and the radial pressure gradient induce recirculation bubbles near the centerline. These bubbles can be unstable, and result in development of the so-called Precessing Vortex Core (PVC) instabilities. PVC instabilities are frequently found in the swirling combustor flows. 4 Patel and Menon's computational study 5 of spray combustion flowfields predicted the formation of PVC instabilities in the LDI combustor. Syred and Beer 6 suggest that the PVC frequency linearly increases with the mass flow rate. Liang and Maxworthy 7 confirmed that the PVC instabilities can happen even at moderate Reynolds number, such as Re = 1000. Such flow instabilities are significant because they can represent an important mechanism that feeds the unsteady heat release and thereby contributes to the occurrence of combustion instabilities.
The present study is aimed at computationally predicting self-excited combustion instabilities in a laboratoryscale LDI combustor. The experimental results are used to validate the capabilities of the computational model. For the baseline case, gas-phase, spray, chemistry and acoustic characteristics are investigated. Next, the combustion dynamics is parametrically examined in terms of the equivalence ratio, and the secondary atomization. Both 2D and 3D simulations are used to carry out these parametric assessments.
II. Laboratory-Scale LDI Combustor

A. Experimental Set-Up
The experimental arrangement of the laboratory scale LDI fed combustor shown in Figure 1 . The single element combustor design is based on axial mode combustion dynamics with a fundamental frequency of 400 Hz. The combustor is designed in a modular configuration so that various lengths of the air plenum section and combustion chamber section can be tested. The modular design of the combustor is essential to map the effect of combustor configurations on the combustion dynamics and also to tune the required frequencies and pressure amplitude fluctuations in the combustor. The appropriate major dimensions of the modular sections of the combustor are determined based on an analytical 1-D model in the Linearized Euler Equation (LEE) solver.
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Figure 1 Schematic diagram of the experimental arrangement of the LDI combustor
The combustor has been designed to operate with Jet-A as the fuel and heated air as the oxidizer. The overall length of the air plenum section of the combustor is 0.56 m and the length of the combustion chamber is 1.08 m. Heated air is provided to the experiment at temperatures as much as 900 K from a choked inlet section made up of multiple slots. The choked multiple slots provide minimum flow disturbances downstream into the air plenum section compared to other geometries that are viable for computational analysis. A detailed computational description showing the effects of inlet geometry on air flow in the air plenum section is presented in a later section.
The heated air passes through a helical vane swirler (60° vane angle) before being accelerated into the combustion chamber via a subsonic converging diverging venturi. The swirler has six helical vanes and is fixed to the fuel injector. The fuel is injected into the combustor using a low flow number (1.32) pressure swirl atomizer. The fuel enters the combustor at the throat of the venturi in its nominal location. The fuel injector position can be varied upstream or downstream of the throat of the venturi. The inlet section of the combustion chamber has a thermal barrier coating applied to it to avoid heat loss through the walls and provides a near-adiabatic boundary condition. This allows for better comparison with computational results where an adiabatic wall boundary condition is typically employed. The combustion chamber has a choked exit orifice that sets the chamber pressure in the combustor. Choked inlet and exit orifices on the combustor also help set a closed acoustic boundary condition.
The design envelope for the experiments is tabulated in Table 1 below. The experimental results and comparison with the computational simulation results are presented in later sections of the paper. 
B. Computational Mesh and Boundary Conditions
In the simulations, all surfaces except for the inlet and exit planes are treated as no-slip and adiabatic walls. The inlet plane is located at the top left end of Figure 1 and the air flow enters radially through the inlet using a constant mass flow rate condition. At the exit nozzle, the outlet condition is imposed by specifying the back pressure.
A hexahedral unstructured mesh system is used for the full geometry as shown in Figure 1 and butterfly meshing is used for the circular cross-sections. A total of 3.7 million cells are constructed for the present simulations. According to our grid refinement studies, coarser meshes of one to two million cells were found to be incapable of properly resolving the acoustic oscillations. 
III. Computational Model
A. Eulerian Phase Equations
The computational platform for the present simulations is our in-house code, GEMS (General Equation and Mesh Solver). [9] [10] [11] [12] GEMS is a fully unstructured, density-based finite volume solver with a second-order numerical scheme and an implicit, dual time procedure for time-accuracy. The capabilities of the code for capturing combustion dynamics and estimating instabilities have been successfully demonstrated for rocket engines combustors. 13, 14 GEMS solves the Navier-Stokes equations in Detached Eddy Simulation (DES) mode along the continuity, energy and species equation described below. 
The quantities; , V and p represent the density, velocity vector and pressure, respectively; h 0 is the stagnation enthalpy and Y is a species mass fraction vector; K represents the turbulence variable vector which includes turbulence kinetic energy and specific dissipation, k and w; In the viscous flux, D is the molecular diffusion coefficient; is the stress tensor and q is the heat flux; w and s K are the reaction rate and sources of the turbulence transport equations, respectively. A pseudo-time term expressed in terms of the primitive variables,
K and a preconditioning matrix, , is added to Eq. (1), so that the equation becomes:
The matrix, , is chosen to control the artificial dissipation in the spatial discretization and the convergence of the pseudo-time iterations. The preconditioning matrix, , in the pseudo time term in Eq. (3), is defined by starting from the Jacobian of the conservative variables with respect to the primitive variables, / p Q Q , as shown below:
where the primed quantities refer to scaled values that control the accuracy and efficiency of the pseudo-time iterations.
The flux formulation for a generalized upwind finite volume approach can be interpreted as the average of the fluxes on either side of the cell interfaces augmented by an artificial dissipation term,
where the subscripts R and L represent values on the right and left side of the cell face. The numerical procedure uses a second-order approximate Riemann solver to evaluate the spatial fluxes at cell faces. Second-order temporal accuracy is achieved by means of an implicit dual time procedure that eliminates factorization and linearization errors.
B. Turbulence Model
The present simulations describe the large-scale, time-dependent turbulence motion by means of a Detached Eddy Simulation (DES) model. [15] [16] [17] [18] DES is a hybrid RANS/LES approach which combines the RANS model in the attached boundary layers with the LES method in the large separation and wake regions.
A DES model can be obtained from any RANS model and our DES formulation uses the k-omega two-equation model with the appropriate modifications. 18 Switching from RANS to LES mode is enabled by appropriately reducing the dissipation term in turbulent kinetic energy transport equations. Specifically, the DES model replaces the length scale with the minimum of the length scale defined in turbulence model for RANS and maximum spacing of the local grid as: min , 
where * is a model constant. This definition of the length scale by Eq. (6) ensures that the RANS mode is utilized near the wall surface in which the high grid aspect ratio is typically expected. Finally, the dissipation term in the transport equation of the turbulence kinetic energy is replaced by
This modification ensures that the resulting sub-grid model reduces to a Smagorinky-like model at equilibrium.
C. Combustion Model
The six chemical species considered for the propellant combination in the LDI combustor are C 12 H 23 , O 2 , CO 2 , H 2 O, CO and N 2 . They are solved directly and turbulence transport in the species equations is modeled using the classical gradient model with a constant Schmidt number. Laminar finite rate chemistry model is used to evaluate the reaction rate. Although flamelets and transported-FMDF models are popular in unsteady LES simulations, their capabilities for predicting combustion/acoustic interaction problems are not well-established, particularly, because these models are based upon constant pressure flame assumptions. We consider the fuel as C 12 H 23 to approximate the experimental Jet-A fuel. A simplified two-step, five species global reduced mechanism has been incorporated in the present study. CO O CO The kinetics of the two-step global reactions are represented by an Arrhenius function of the form as:
where w is the production rate, A is the pre-exponential constant, E a is the activation energy, and n, a and b are exponents, respectively. For the first C 12 H 23 oxidation step, the production rate is expressed with constants as 2. 643×10 9 
D. Lagrangian Phase Equations
The Lagrangian formulation for the liquid particle motion is expressed as a set of ordinary differential equations for the Lagrangian solution variables, Q L , as:
where X, U, T l , m l and r are the components of the Largrangian solution vector and these variables represent the position and velocity vector, temperature, mass and radius for the liquid particle, respectively. The first and second rows represent the motion of particle drops in which only the drag is considered as an external force. In the source of second row, F D is a drag parameter accounting for 3 8 
where Reynolds number, Re, is defined as 
where D s is a diffusion coefficient at the liquid surface and Sh is a Sherwood number; B M is the Spalding mass transfer number 21 given by , ,
where Y F is the fuel species, subscripts s and indicate the surface and far field, respectively. The last row accounts for the particle radius reduction due to vaporization.
A set of Lagrangian phase equations, Eq. (10), is integrated explicitly and the Lagrangian time step is determined by the consideration of time scales like the particle lifetime, atomization initiation time and Eulerian time step, etc. All other physical properties of liquid particle except for Q L are updated every time step as well.
E. Injection and Secondary Atomization Model
The fuel spray is described by the injection of a series of discrete liquid parcel which contains a certain number of drops. This parcel (or blob) is the particle solved by the Lagrangian phase equations. Note that the parcel is not an actual drop, but rather a cloud that contains a number of drops. The present simulation defines the spray cone by the angle, origin of the ray and injected plane. Within the spray cone and defined injection plane, the parcel is randomly located in the radial and azimuthal directions and injected at a given speed.
Secondary atomization is modeled by the Reitz's breakup model. 22, 23 According to Patel and Menon's study 5 , this model exhibits better accuracy than other existing models in LDI combustor environments. The atomization process in the Reitz model is based on the Kelvin-Helmholtz instability phenomenon and the results of the linear stability analysis are directly used in determining the important parameters in the atomization process. For easier use of the linear stability analysis results, the maximum growth rate, , and corresponding wavelength, , of the Kelvin-Helmholtz instability mode are expressed by curve-fits in terms of nondimensional numbers as: 6 0.34 0.38We
0 (15) where We g is the weber number for the gas phase, 
where B 0 is a model constant and set equal to 0.61. Simultaneously, the parent drop size is reduced by a r da dt (17) where is a time constant and determined from 1 3.726B a (18) Child parcels are released when the stripped mass removed from the parent parcel exceeds a few percentages of the average injected parcel mass. Newly formed parcels have the random velocity direction in a confined cone angle defined by 1 tan / 2 / A U (19) where A 1 = 0.188. In addition, while the parent parcel reduces, its mass is preserved by controlling the drop numbers contained in a parcel as
Na N a .
F. Eulerian-Lagrangian Coupling
Eulerian-Lagrangian coupling is through the source term vector, S, in Eq. (2). Mass, chemical species, momentum and energy transfer from the Lagrangian phase are specified as source terms in the Eulerian phase.
where the subscripts N and n represent the number of parcels and the number of drops in an individual parcel respectively.
IV. Investigation of Inlet Geometry Effects
Dynamic flow response for several inlet configurations is investigated to aid in the design of an inlet configuration that introduces little or no downstream unsteady effects. Axisymmetric non-reacting flow simulations are used in these studies for fast turn-around of the parametric studies with different inlet configurations. In order to meet the desired chamber pressure under the given mass flow rate, the exit nozzle size is reduced. In all other respects, the computational domain remains unchanged from the target experimental design.
It is anticipated that a choked inlet condition would be well-suited for isolating the waves traveling upstream from the combustion chamber and thereby maintaining a constant mass flow rate through the device. However, there is concern that flow instabilities due to vortex shedding downstream of the choked throat may influence the thermoacoustic mode in the combustion chamber. Therefore, this study is targeted at investigating the fluid dynamics characteristics of four candidate inlet geometry designs, all of which are choked: a nozzle with a strong shock, nozzle with a subsonic diffuser, nozzle with a weak shock and a slotted inlet design. In the first three cases, the degree of expansion in the divergent section was controlled to see how the fluid dynamics is affected by the design. In the last instance, the inlet consisted of multiple choked slots with a sudden expansion to the dimensions of the oxidizer post.
According to the computational investigations, it is found that the choked slot inlet exhibits the most stable flow pattern among four inlet geometries. Table 2 summarizes these results and quotes the observed frequency in the combustion chamber that results from the vortex shedding downstream of the choked inflow. Figure 3 shows the flowfield immediately downstream of the choked slots and it is evident that the flowfield quickly stabilizes and looks almost steady by the time it reaches the end of the oxidizer post. In contrast, all the nozzle cases showed periodic vortex shedding in the air plenum (not shown), and natural oscillations are observed in the wall pressure history and power spectrum density (PSD) as shown in Figure 4 for the choked nozzle with weak shock flow condition. In this case, large amplitude wall pressure oscillations are detected in the pressure history and the dominant frequency and the subharmonics are highlighted. The natural frequency (6000 Hz) here corresponds to a Strouhal number of 0.4-0.6 which is located at the range of the hydrodynamics instabilities usually found in similarly designed injectors. Slight changes in the natural frequencies (9000 Hz) are observed for the choked nozzle with strong shock condition because of the flow interaction with the shock train downstream of the nozzle. For the choked slot case given in Figure 5 , no distinct frequencies are observed indicating that the combustor flow is not strongly influenced by the fluid dynamics of the inlet. For this reason, the choked slot inlet geometry is selected for further study both in the experiments and in the computations. 
V. Investigation of Self-Excited Combustion Instabilities
A series of simulations are conducted for a total 8 cases to assess the effects of equivalence ratio, atomization and multi-dimensionality. Two different equivalence ratios, 0.47 and 0.73, with and without the secondary atomization effects are considered for 2D and 3D simulations, respectively. First, we take a look at the flow characteristics for the baseline case, which is a 3D simulation at = 0.47 including the effects of secondary atomization. We then examine the combustion dynamics and the resulting self-excited instabilities as a function of the above parameters.
A. Flow, Spray, Reaction and Acoustic Characteristics of Baseline Case
Particular attention of the flow characteristics is paid to the region around the lean direct injection element where large-scale vortical structures are typically present. The swirl number is used to characterize swirling flow and is defined as the ratio of the axial flux of angular momentum to the axial flux of axial momentum as:
It is customary to approximate the swirl number based on uniform flow and geometric assumptions as 24 :
The corresponding swirl number, S a , in Eq. (22) is 0.57 with the present LDI element dimensions (R 1 = 0.34 in, R 2 = 0.8725 in, theta = ). However, we note that this approximation exhibits a significant difference from the swirl number of 0.82, which is obtained by using Eq. (21) on the time-averaged result. Here, the time-averaged flow at the axial location of the fuel nozzle exit is used for the swirl number calculation.
Figure 6 Time-averaged streamline at the axial-cut surface
The time-averaged streamlines in an axial-cut surface of the combustor is shown in Figure 3 and reveals the presence of twin counter-rotating nearly-axisymmetric stationary vortex pair at the combustor head. Reverse flow is evident between the twin vortices and the stagnation point is located in the center of the diverging section of the venture between the fuel nozzle and combustor head. The overall flow structure agrees well with the experimental visualization by Liang and Maxworthy 7 . They report that such a flow pattern is susceptible to self-excited oscillations beyond a swirl number of 0.88 and, as noted above, the present case is operating close to this value.
The oscillating motion of the vortex pair can be detected in the time-series data and is associated with the presence of a precessing vortex core (PVC). The characteristic frequency of the PVC is observed to be around 3100 Hz. Figure 4 shows the iso-surface contours of the Q-criterion as a series of snapshots in time over a single period of vortex motion. The PVC is observed to start from the fuel injector exit and continue to spiral in the swirling direction until the combustor head. The time evolution of PVC is also associated with an unsteady heat release pattern in the azimuthal direction as seen in Figure 5 . It is evident that the predicted maximum heat release occurs at the location of PVC tail in Figure 4 , which indicates that the vortex core leads to enhanced mixing and combustion. 
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Figure 8 Time evolution of heat release at the cross-section of combustor head for a single PVC mode
Atomization, vaporization, mixing and reaction rapidly occur in the swirling shear layer. The injected spray drops encounter strong aerodynamic forces due to the swirling gas flow, which in turn causes the secondary breakup due to Kelvin-Helmholtz instability. The resulting smaller drops are readily heated and vaporized near the reaction zone. The fast vaporization combined with the mixing with the swirling air results in initiation of combustion. Simulation results indicate all these process take place in the venturi diverging section. Figure 6 shows the resulting temperature distribution along with the spray and streamlines. The flowfield shows the presence of the large three-dimensional vortex structure and the spray drops are seen to be fully consumed at the combustor head. Hot temperature mixture in the centerline of the combustor results from the strong chemical reaction in the venturi diverging section, while the unburned air flows around the combustion zone keeping the combustor wall relatively cool.
Figure 9 Instantaneous temperature distribution with spray and streamlines
Self-excited combustion-driven instabilities are the result of the unsteady heat release being in-phase with the acoustic pressure perturbations in the geometry. At = 0.47, the present 3D results of the acoustic waves and the unsteady heat release are shown in Figure 7 and Figure 8 respectively. The dominant frequency from the power spectral density (PSD) analysis is located at the 2L mode frequency of 800 Hz, and the corresponding pressure amplitude at the combustor head is 3%. The exact mechanism of coupling of the heat release with the acoustics is difficult to ascertain from these figures and more careful assessment of the spray distribution and gas-phase mixing is necessary to reach definitive conclusions. Pressure measurements on the wall at the head end of the combustion chamber are compared between the experiment and simulations. It is important to note slight differences between the experiment and simulations before comparing the results between them. The simulation considers the fuel injector to be at the throat of the subsonic venturi while in the experiment is 2.6 mm upstream of the throat. Secondly, the equivalence ratio measured during the experiment was 0.49 instead of 0.47. The air temperature was maintained at 750 K for both the simulation and the experiment.
The PSD results from computational and experimental results are presented in Figs. 9 and 10, respectively. Longitudinal acoustic peaks are distinctly found approximately every 400 Hz from both results. Some discrepancies are found in the dominant oscillation mode. The experimental result indicates the strongest peak at the 4L mode, whereas the computation estimates the dominant peak at the 2L mode. Insufficient descriptions of fuel spray modeling as well as differences in the location of the fuel injector between simulations and experiment are thought to be few of the critical factors leading to inaccuracies in estimation of the pressure oscillations. The fuel spray arbitrarily defined in the present study is currently being tuned based on detailed spray diagnostics data and will be presented in future publications. 
B. Combustion Dynamics 1. Comparisons between 2D and 3D simulations
In the present study, 2D axisymmetric simulations are used as a preliminary diagnostic tool for analyzing trends in the LDI combustor. While the 2D model has inherent limitations for capturing the full multi-dimensional description of the turbulent reacting spray flowfield, it is still an attractive option that provides quick insight into the combustion dynamics. A notable feature of our 2D model is that the swirling source is introduced at the location that corresponds to the swirler vane section and the magnitude of the source term is tuned to match the exit flow angle to the swirl vane angle. A significant difference in the flow pattern of the 2D computations is caused by the insufficient description of vortex breakdown process. Unlike the 3D simulation in which a stationary twin vortex pair is formed, a series of vortices behind the twin vortex pair are observed as seen in Figure 11 . The secondary vortices are created due to the absence of the physical vortex breakdown process and this discrepancy in turn influences the flow field in the upstream section of the combustor. Moreover, the swirling momentum generated in the swirl vane section is sustained over the whole combustor length because of inadequate damping in the two-dimensional case.
Figure 14 Time-averaged streamline in 2D simulation
A consequence of the strong swirling momentum in the 2D case is that the injected drops at the edge of the spray cone are quickly atomized and vaporized, while the dense spray is distributed near the centerline. Also, the stronger fuel momentum due to the dense spray drops moves the stagnation point further the downstream and further influences the flowfield near the centerline. As a result, rich fuel distribution and low temperatures at the centerline are observed in the 2D case as seen in Figure 17 . Moreover, the 2D simulations cannot predict the PVC phenomena and therefore the dynamics response related to these frequencies are not represented. Figure 18 shows the wall pressure PSD results for both the 2D and 3D simulations. The self-excited oscillations at the combustor head wall are well captured in both simulations with reasonably similar amplitudes (about 7%). However, the dominant frequency in the 2D simulation is found to be the 1L mode (400 Hz) whereas the 3D results show the 2L mode to be dominant. This discrepancy is probably related to the differences in the heat release pattern and the temperature distribution. Moreover, in the 2-D case, the results are noisier at the high frequency range, f > 3000 Hz, which can be attributed to lack of vortex damping mechanisms as noted earlier. 
Figure 15 Spray Flow Pattern in 2D and 3D results
Effects of Equivalence Ratio
The equivalence ratio is controlled by varying the fuel mass flow rate, while keeping the air mass flow rate fixed. Two equivalence ratios, 0.47 and 0.73, are considered here. The vaporized fuel is distributed within a conical shape in the diverging section of the venturi and is fully consumed prior to reaching the combustor head. For = 0.73, a larger amount of oxygen is consumed at the combustor head than for = 0.47, resulting in a wider area of high temperature in the combustor as seen in Figure 14 .
Figure 17 Instantaneous temperature distribution in terms of equivalence ratio
In the wall pressure PSD results shown in Figure 10 , more distinct and stronger pressure peaks are found for the = 0.73 case. the dominant mode is the 2L mode. The level of pressure amplitude is approximately 11%. A series of subharmonic frequencies follow with weaker strengths. Moreover, another strong pressure peak is observed at the 1T mode frequency of 10 KHz, especially for the = 0.73 case. In fact, the strength of the 1T mode is comparable with that of the 1L mode for = 0.73, whereas the 1T mode for = 0.47 is relatively weak. The stronger intensity of the pressure oscillations may be attributed to the stronger heat release and more uniform temperature distribution noted earlier. Figure 18 Wall Pressure PSD at the combustor head in terms of the equivalence ratio
Secondary Atomization Effects
The present study assumes that the initial injected drops originate from the primary breakup and then undergo secondary atomization as a result of Kelvin-Helmholtz instabilities. In order to isolate the effects of secondary atomization effects, we also consider the simulation results for a log-normal size distribution of the initial injected drops without any secondary atomization model. Figure 16 shows a very different spray distribution when the secondary atomization model is included compared to when it is not. Firstly, the secondary atomization model leads to a larger number of fine drops. The mean parcel number in the combustor is 2,500 without secondary atomization, whereas it is 11,000 with secondary atomization. Secondly, the secondary atomization effects appear to cause a stronger interaction with surrounding carrier gas flow. In this case, the swirling shear layer, the secondary atomization rapidly breaks up the original spray and the broken drops are transmitted to the reaction zone by the carrier gas. On the other hand, in the simulations without secondary atomization, the spray cone shape remains relatively undisturbed by the surrounding gas-phase flow. Figure 17 and Figure 18 show the time-averaged spray mass and size distributions, which provide information about the life cycle of spray drops. Most of the spray drops are seen to be distributed within the diverging section of the venturi (X < 0.012 m) and consumed at the combustor head. Also, the time-averaged spray mass distribution at the injector exit indicates similar qualitative trends with or without secondary atomization. However, approximately twice the number of spray drops survive in the case without secondary atomization, implying that the secondary atomization leads to more rapid vaporization. It is interesting that Figure 13 shows similar drop size distribution for the two cases except for the strong oscillatory aspect in the absence of secondary atomization. These peaks correspond to the initial drop sizes determined by the log-normal distribution and can be regarded as an artificial effect. It is noteworthy that the size distribution in the simulation with secondary atomization follows the mean of the case without secondary atomization. Another noteworthy result is the spray response due to the acoustic waves shown in Figure 19 . When the high pressure acoustic wave reaches the combustor head-end (Figure 19a ), the spray flow is suppressed by the pressure rise and secondary atomization is observed to be prevalent around the region of the fuel nozzle. A larger number of fine drops are then observed in the venturi. As the pressure decreases at the head-end, the spray recovers its original conical shape as seen in Figure 19 (b). This spray response can be attributed to the effects of drag on the spray motion and the effects of the high Weber number on secondary atomization. When the pressure is high, the aerodynamic effects of the drop motions grows stronger due to the larger density magnitudes. The spray drops encounter the larger drag force, which results in the shorter penetration and suppression of the spray. Also, the high Weber number environments due to the increased density aid the rapid secondary atomization of the KelvinHelmholtz breakup mode.
(a) at the high pressure peak phase (b) at the low pressure peak phase Figure 22 Spray response to the self-excited thermoacoustic waves
Self-excited pressure oscillations at the combustor head wall are investigated for both conditions: without and with atomization. Stronger and more distinct pressure peaks are found in the simulation without the secondary atomization model. We further observe that the dominant frequency changes from the 1L to the 2L mode due to the atomization effects. Exact reasons for the mode change are difficult to ascertain for sure without additional computations. However, we speculate that the ordered, well-distributed spray cone distribution in the no-atomization case lead to simpler physics and a response mechanism that is dominated by vaporization. In the case with secondary atomization, the response of the spray distribution and break-up in addition to the vaporization leads to a much more complex coupling scenario. 
VI. Summary
The present study predicts self-excited combustion instabilities in a laboratory LDI combustor. The simulations successfully capture the coupled diverse physics: fluid dynamics, sprays, combustion and acoustics and provides the first steps towards understanding the driving mechanism of the instabilities. The simulation results for the baseline case, , indicates that PVC instabilities in the azimuthal direction occur at f = 3100 Hz and their evolution is directly associated with the heat release pattern. Also, the spray is rapidly atomized, vaporized and mixed with the air flow and combustion processes occur mainly in the venturi and combustor head. The longitudinal-mode pressure oscillations are found to be about 3% amplitude magnitude which is close to the oscillation levels in the experimental LDI combustor. For the baseline equivalence ratio, the dominant frequency is found to be the 2L mode at f = 763 Hz.
Combustion dynamics are investigated parametrically in terms of the 2D vs. 3D, varying the equivalence ratio, and with and without secondary atomization model effects. As the equivalence ratio approaches the stoichiometric ratio, longitudinal oscillations grow stronger and the frequency characteristics change. The 1L mode is now observed to be the dominant frequency and the 1T mode is also apparent at f = 10 KHz with an amplitude that is comparable to that of the 1L mode. The presence of secondary atomization is observed to cause the spray drops to interact with flows and promotes strong vaporization in the combustor head. Also, the spray is seen to interact with the acoustic waves in the chamber. Suppression of the spray and strong atomization is observed when the pressure is high at the combustor head-end. Moreover, the inclusion of secondary atomization effects leads to mitigation of the self-excited pressure oscillations, implying that the atomization can play a role in damping the acoustic waves.
Future studies will focus on careful validation of the computational model with available experimental data. Additional enhancements of the fuel-spray are also planned, in particular, to represent the primary atomization effects of the injector more accurately. Further calculations and diagnostics will also be carried out to investigate the underlying driving mechanisms that promote the self-excited instabilities. In this regard, POD (Proper Orthogonal Decomposition) and DMD (Dynamic Mode Decomposition) techniques are being investigated to better characterize the pressure oscillations, spray dynamics and the combustion heat release.
